Insertional activation of cellular proto-oncogenes by replication-defective retroviral vectors can trigger clonal dominance and leukemogenesis in animal models and clinical trials. Here, we addressed the leukemogenic potential of vectors expressing interleukin-2 receptor common c-chain (IL2RG), the coding sequence required for correction of X-linked severe combined immunodeficiency. Similar to conventional c-retroviral vectors, self-inactivating (SIN) vectors with strong internal enhancers also triggered profound clonal imbalance, yet with a characteristic insertion preference for a window located downstream of the transcriptional start site. Controls including lentivirally transduced cells revealed that ectopic IL2RG expression was not sufficient to trigger leukemia. After serial bone marrow transplantation involving 106 C57Bl6/J mice monitored for up to 18 months, we observed leukemic progression of six distinct clones harboring c-retroviral long terminal repeat (LTR) or SIN vector insertions in Evi1 or Prdm16, two functionally related genes. Three leukemic clones had single vector integrations, and identical clones manifested with a remarkably similar latency and phenotype in independent recipients. We conclude that upregulation of Evi1 or Prdm16 was sufficient to initiate a leukemogenic cascade with consistent intrinsic dynamics. Our study also shows that insertional mutagenesis is required for leukemia induction by IL2RG vectors, a risk to be addressed by improved vector design.
Introduction
Gene transfer by retroviral vectors has demonstrated its potential for the correction of genetic disorders of the hematopoietic system. [1] [2] [3] [4] [5] However, the semi-random vector insertions bear the risk of activating cellular genes by enhancer/promoter sequences contained in the vector. Transforming side effects of g-retroviral gene transfer were observed in mice and nonhuman primates [6] [7] [8] and also in gene therapy trials treating X-linked severe combined immunodeficiency (SCID-X1) patients. [9] [10] [11] The insertional activation of cellular genes also influences the growth of hematopoietic cell clones, thus triggering clonal dominance. 4, 12 Mapping of retroviral insertion sites in dominant clones could identify gene networks that support hematopoietic stem cell (HSC) growth in vivo. 13 Clonal dominance was also observed in patients of the first chronic granulomatous disease (CGD) gene therapy trial, in association with insertions in genes encoding HSC-associated transcription factors and proto-oncogenes MDS-EVI1, PRDM16 and SETBP1, 4 and similar observations were made in other clinical trials. [14] [15] [16] Efforts are being made to develop 'safer' retroviral vectors that are less capable of activating neighboring cellular genes. Using a novel in-vitro immortalization assay, we showed that the deletion of the U3 region in the viral LTRs and the use of the same enhancer/promoter as internal promoter in a 'selfinactivating' (SIN) architecture rendered the vector less transforming. 17, 18 However, immortal clones were also recovered after gene transfer with SIN retroviral vectors containing the spleen focus-forming virus (SFFV) U3 region as internal enhancer/promoter. 17, 18 In-vivo assay systems were developed that can be used to analyze the leukemogenicity of retroviral gene transfer in normal C57Bl/6 mice 8 and tumor-prone mouse models. 19, 20 Further advancing nonclinical studies of insertional genotoxicity, gene knockout models may reveal disease-specific risk factors connected to a certain gene therapy approach. In a combined SCID-X1 and tumor suppressor knockout mouse model (IL2rg À/À /Arf À/À ), an increased risk of tumor development after gene transfer of IL2RG (also addressed as common g-chain, gc) was demonstrated when using a g-retroviral vector (MFG.gc), containing a strong enhancer/promoter in the LTR. 20 Similar to the situation of the first SCID-X1 clinical trials, selection of leukemic clones occurred, arguing for the contribution of insertional mutagenesis to the leukemic outcome. However, the oncogenic effect of IL2RG expression alone remained unclear. An active role of ectopic expression of common gc in leukemia induction was proposed in a study that used a lentiviral vector to overexpress murine IL2rg in wild-type bone marrow (BM) cells and found a high incidence of lymphoblastic tumors after prolonged follow-up. 21 Unfortunately, information about the potential involvement of insertional mutagenesis and the number of insertions in the tumors was limited. Others challenged the concept that ectopic expression of IL2RG is sufficient for leukemogenesis, [22] [23] [24] but conclusive results from animal models with long-term follow-up remained to be shown.
In the present study, we addressed the impact of vector design (g-retroviral LTR, g-retroviral SIN or lentiviral SIN) and transgene (IL2RG versus DsRED2 fluorescent protein) on leukemia induction after gene delivery into hematopoietic cells of C57Bl6/J mice. We chose wild-type C57Bl6/J mice to avoid a selective advantage introduced by restored expression of IL2RG.
All vectors, except the clinically used vector MFG.gc, contain the same retroviral enhancer/promoter located either in the LTR or in an internal position of a vector with a SIN design.
Material and methods

Retroviral vectors and vector production
The retroviral vector SF91.DsRED pre was constructed as previously reported. In brief, SF91 is a LTR-driven retroviral vector harboring SFFV LTRs and a post-transcriptional regulatory element derived from woodchuck hepatitis virus (woodchuck post-transcriptional regulatory element, wPRE). 25, 26 MFG.gc is a g-retroviral LTR-driven retroviral vector used in the clinical trial for SCID-X1 in Paris. 27 It harbors an MoMLV-based LTR, contains a leader region with splice donor and acceptor plus an extended packaging signal (portion of gag included), and no wPRE. In contrast, SRS.SF.IL2RG.pre and SRS.SF.DsRED.pre are g-retroviral SIN vectors harboring an internal SFFV promoter, a safety-modified wPRE and a deletion in the U3 region to remove promoter/enhancer elements. 28 The lentiviral SIN vector expressing the IL2RG cDNA under control of the SFFV promoter, pRRL.PPT.SF.IL2RG.pre, is a derivative of pRRL.PPT. PGK.GFP.pre. 29 
Bone marrow transduction and transplantation
Lineage-negative (LinÀ) BM cells of untreated C57Bl6/J mice were transduced on 2 following days (days 3 and 4 after cell isolation) as previously described 8 (Supplementary methods). The cumulative multiplicity of infection (MOI, number of infectious particles per exposed cell) was 4 in experiment I (exp. I), and 10 in exp. II and III. Transduced BM cells were transplanted into lethally irradiated (9-10 Gy) syngeneic C57Bl6/J recipient mice. The cell dose was 5 Â 10 5 except for exp. I, in which we transplanted 5 Â 10 6 cells after additional expansion for 5 days plus 1 Â 10 5 fresh BM cells. For secondary BM transplantation (BMT) at least two secondary, lethally irradiated (10 Gy) recipients received at least 2 Â 10 6 cells of one primary recipient. In exp. III, BM cells of two or three primary recipients were pooled and transplanted into three or four secondaries (see footnotes in Table 1 ).
Southern blot
Genomic DNA for Southern blot analysis was isolated from cells of the spleen or BM using the Blood DNA separation kit (Qiagen, Hilden, Germany). Genomic DNA (10 mg) was digested with appropriate enzymes and Southern blot performed according to standard protocols.
LMPCR
Ligation-mediated PCR (LMPCR) was performed as described. 30 To amplify integration sites of g-retroviral SIN vectors, a 3 0 LMPCR was established using a primer that annealed in the wPRE sequence (Supplementary methods). Recovered sequences were screened using the NCBI mouse genome database (NCBI37, accessed August 2007).
Quantitative PCR
Quantitative PCR for the PRE and IL2RG sequences was performed on a 7300 Real Time PCR System (Applied Biosystems, Foster City, CA), using QuantiTect SYBR Green (Qiagen). Information on primers is in Supplementary methods. 
Results and discussion
Aim of the study and experimental design
To address the impact of vector design and transgene sequence on the induction of clonal imbalance and leukemia, we performed BMT in C57Bl6 mice with long-term follow-up ( Figure 1a ). We conducted three independent experiments transplanting mice with BM cells transduced with LTR and SIN vectors expressing a fluorescent marker gene (DsRED) or a potentially therapeutic gene (IL2RG) from the SFFV enhancer/ promoter (Table 1 ).
In the exp. I, we tested whether vector-mediated expression of IL2RG was sufficient to induce leukemia. We used three different vectors: a lentiviral SIN vector harboring the internal SFFV promoter (RRL.PPT.SF.IL2RG.pre), a g-retroviral SIN vector with the same internal promoter (SRS.SF.IL2RG.pre) and the LTR-driven vector MFG.gc. The latter represents the vector used in the Paris clinical trial for the correction of SCID-X1, 27 including the meanwhile four patients that developed lymphoproliferation/leukemia caused by insertional mutagenesis. 9 Using a similar vector, a fifth case of leukemia was recently reported in the London trial. 11 Our control vector lacking IL2RG was SF91.DsRED.pre, a g-retroviral LTR vector expressing the DsRED fluorescent protein that we previously showed to induce leukemia in mice by insertional mutagenesis. 8 As our previous studies showed that prolonged culture increased leukemia incidence, 8 we thus expanded the cells for another 5 days after transduction. In exp. II, we used the same set of IL2RG vectors as in the first, and as a control a g-retroviral SIN vector expressing DsRED from the internal SFFV promoter (SRS.SF.DsRED.pre). We applied a higher MOI than in exp. I (MOI 10) to obtain more efficient gene marking and to determine the maximal tolerated vector dose. Here, the cells were transplanted without additional expansion following transduction, because results of exp. I showed a low number of engrafting clones. A third experiment was conducted to directly compare clonal imbalance triggered by LTR vs SIN g-retroviral vectors expressing DsRED (SF91.DsRED.pre vs SRS.SF.DsRED.pre Supplementary Figure 1 ). As in exp. II, the cells were infused without additional expansion post-transduction. All mice were prospectively observed for potential induction of clonal imbalance or leukemia.
Transduction of human IL2RG into mouse BM cells was not leukemogenic in long-term primary recipients
Transgene expression determined 1 day after transduction was very efficient and higher in exp. II than in exp. I, in line with the MOI used ( Figure 2a ). In exp. II, 46% of the SRS.SF.IL2RG.pre transduced BM cells expressed IL2RG. This was the highest transduction efficiency achieved with the IL2RG containing vectors tested. The lentiviral construct gave 40% IL2RG þ cells. Expression of gc mediated by MFG.gc reached 31%.
Retroviral gene marking in the peripheral blood of recipient mice was analyzed by quantitative PCR 9 weeks after BMT (qPCR, Figure 2b and Table 1 ). In the SF91.DsRED.pre groups the mean copy numbers per cell ranged from 0.1 to 3.5 (mean 1.4). g-Retroviral SIN vector-transduced BM (SRS.SF.IL2RG.pre or SRS.SF.DsRED.pre) reached a mean copy number of 0.54 and 0.36 (exp. II) and 0.71 (exp. III), respectively. Comparing lentiviral and g-retroviral SIN vectors within the same experiment, the lentiviral marking was higher (exp. I and II). Despite a similar MOI, transduction efficiency with the MFG.gc vector was comparatively low, probably due to a higher proportion of competing virus-like particles in the supernatants. 31 The mean marking in the peripheral blood of MFG.gc-treated mice thus reached 0.1 and 0.15 (Table 1) .
With the exception of two recipient-type leukemias (due to irradiation, see supplements), all primary recipient mice stayed healthy (n ¼ 60), including the 32 mice transplanted with IL2RG-transduced cells. We conclude that g-retroviral or lentiviral transduction with vectors expressing IL2RG itself had no oncogenic effects in wild-type recipient mice in an observation time of 11 months.
Leukemias after secondary transplantations of cells transduced with a g-retroviral SIN vector encoding IL2RG, two of which harbor a single insertion Serial transplantation stresses hematopoiesis and was shown to increase the risk of genotoxic side effects by retroviral vectors. 6, 8 For secondary BMT, we used BM cells of selected mice with high gene marking from exp. I and II and of all mice from exp. III. Typically, two secondary recipients were transplanted with BM cells of one primary recipient. In exp. III, BM cells of up to Leukemia induction by a single vector insertion U Modlich et al three primary recipients were pooled and transplanted into three or four secondary recipients. Leukemias arose in seven secondary mice receiving cells transduced with the g-retroviral SIN vector SRS.SF.IL2RG.pre, and in five mice receiving cells transduced with g-retroviral LTR vectors (Table 2) .
Four mice of the g-retroviral SIN vector group developed a B220 þ lymphoblastic leukemia (M32-1, M32-2, M35-1, M35-2; M32-2 shown in Figure 3a ) that were based on the same leukemic clone, containing a single insertion site (Figure 3c) . A single insertion only was also detected in an myeloproliferative disease-like myeloid leukemia (manifestation in two recipients, M31-1 and -2) and a third myeloid leukemic clone contained four insertions (M34-2, Figures 3a, c and Supplementary Figure  6) . Strikingly, despite their amplification in different secondary mice, all clonally related leukemias manifested with similar latency and phenotype (Table 2) , the lymphoblastic clone even in secondary recipients of different primary animals. The leukemic stem cell of this clone thus self-renewed during culture before primary BMT and progressed with a similar intrinsic program to conserve phenotype and latency of leukemogenesis while acquiring potential, yet unknown secondary mutations. 32 Because it was difficult to directly detect the IL2RG transgene on the surface of freshly isolated leukemic cells, we cultured Mean retroviral vector copy number in peripheral blood leukocytes (PBL) of transplanted mice; DNA was prepared from blood samples taken at necropsy. The mean copy number was determined by qPCR. Primary recipients of leukemic secondary mice are indicated by circles. In the case that the BM of primary recipients was mixed prior to secondary transplantation, all three primary donors are circled. Leukemia induction by a single vector insertion U Modlich et al cells in medium free of interleukins that stimulate gc-associated receptors. After a few days, IL2RG was clearly detected by flow cytometry on the surface of leukemic cells; under these conditions, surface marker expression of B220 was largely lost while the expression of ckit and Sca-1 increased (Figure 3a , 'cultured cells'). The phenotype of three IL2RG-vector-associated leukemias was variable and not the classical cell background for IL2RG signaling. 33 While the expression of Il2RG might have influenced the phenotype of the lymphatic leukemia, it can hardly be addressed as the initiating event. This conclusion is further supported by the large number of asymptomatic mice (32 primaries and 9 secondaries) that were repopulated with hematopoietic cells expressing IL2RG from g-retroviral or lentiviral vectors. In agreement with our results, the overexpression of IL2RG by the CD2 promoter 
Leukemia induction by a single vector insertion U Modlich et al
in a transgenic mouse line also did not lead to leukemogenesis. 22 Also, five secondary recipients transplanted with SF91.DsRED.pre (LTR vector) transduced cells developed leukemia ( Table 2 ). All cases had a myeloid phenotype (Supplementary Figure 3) . Molecular analysis identified three distinct leukemic clones (Figure 3c) . One contained only a single retroviral genome copy (M3-1 from exp. I), the other two had five copies (M(48-50)-1 and M(48-50)-3 from exp. III) or seven copies (M(48-50)-2 and M(48-50)-4 from exp. III). The latter two leukemic clones confirmed our previous finding of leukemogenesis triggered by multiple insertions of this vector. 8 In contrast, the leukemia in association with a single insertion of this vector was unprecedented.
The difference in frequencies of leukemia induction between g-retroviral and lentiviral vectors, or g-retroviral LTR and SIN vectors, was not statistically significant (two-tailed Fisher's exact tests P-values: LTR DsRED versus SIN DsRED, P ¼ 0.48; gretroviral SIN DsRED versus lentiviral SIN IL2RG, P ¼ 0.142; g-retroviral SIN IL2RG and lentiviral SIN IL2RG, P ¼ 0.142). However, the results clearly show that g-retroviral SIN vectors with a strong viral enhancer/promoter are able to cause leukemia, as predicted by our cell culture model.
17,18
Clonal dominance by g-retroviral SIN vector integration with a characteristic pattern in dominant clones
Because insertional mutagenesis by g-retroviral SIN vectors bearing a strong internal enhancer/promoter initiated leukemias, we asked whether these vectors also induce clonal dominance. 12 To test this we performed LMPCR on DNA from peripheral blood and BM in primary and secondary recipients transplanted with g-retroviral SIN vector transduced cells expressing IL2RG or DsRED (samples taken at day of killing, Figure 4a ). For g-retroviral SIN vector insertions, the LMPCR initiates the first extension step from the wPRE element. 17 We validated specificity, sensitivity and reproducibility of this protocol in defined cell clones (Supplementary Figure 2a, b) . Further we confirmed that the LMPCR pattern obtained from DNA of blood and BM of a healthy recipient was almost identical and therefore the blood represents the clonal distribution (Supplementary Figure 2c) .
We recovered an average of three dominant bands per mouse and a total of 63 unique insertions sites. In the SIN vector groups, the pattern of LMPCR products was similar to the LTR groups. Dominant clones became apparent by Southern blot if the mean copy number exceeded 0.5 per cell (Figure 4b) . In exp. I, LMPCR showed selection for single clones already in the primary recipients (Supplementary Figure 4, M14 and M16) , potentially triggered by the expansion of cells before BMT.
The location of the insertion sites with respect to the transcriptional start site (TSS) was similar for vectors encoding DsRED or IL2RG. This is concordant with our previous analysis of insertion sites of g-retroviral vectors encoding various fluorescent proteins and cell-surface markers. 13 We thus combined all results obtained with SIN vectors in the present study for statistical analyses of insertion pattern in dominant clones and leukemias (Figures 5a and b) . We analyzed the number of genes common to this g-retroviral SIN vector data set and the previously published retrovirus-tagged cancer gene database (RTCGD), which lists insertion sites of replicationcompetent g-retroviruses recovered from murine tumor models. 34 In total, 43% (27 of 63) of the genes that had their TSS nearest to the insertion sites were present in RTCGD, of which 17% (11 of 63) were listed as common insertion sites (CIS, genes that occur more than once in the RTCGD). By looking at all genes with their TSS within 100 kb of the vector integration, the number of integrations within 100 kb of an RTCGD member rose to 72% (41 of 57 sites, six sites were not in the 100 kb window), with a remarkable occurrence of nine sites that had more than one RTCGD member in this window. In total, 30% (17 of 57) genes had a RTCGD CIS member within 100 kb. Both the number of integrations close to RTCGD members and the number of RTCGD CIS is significantly higher than expected under a uniform random distribution, in which each gene has equal likelihood to be hit (Fisher's exact two-sided Po2.2 Â 10 À16 and P ¼ 7.6 Â 10 À15 , respectively). In this respect, we found no difference (Fisher's exact two-sided test, P ¼ 0.4) between the present SIN data set and the formerly published Insertional Dominance Database (IDDb), which lists LTR vector insertion sites associated with dominant clones in similar BMT studies. 13 The overrepresentation of RTCGD CIS genes close to g-retroviral SIN vector insertions indicates clonal selection of 'fitter' clones (dominant clones), as previously shown in the context of LTR vectors. 13 Most of the SIN vector insertions lie within introns/exons (28 out of 63 insertion sites listed in Supplementary Table 1, 44%) . In concordance to the overrepresentation of insertions in (Figure 5a ). This pattern is distinct from that observed in unselected cells, which show preferential insertions at both sides of the TSS. 35, 36 The SIN pattern identified in the present study was also significantly different from that found in the IDDb (Fisher's exact two-sided Po0.05) that shows a clustering of insertion sites in a window 5 kb upstream of the TSS (Figure 5b) . A similar pattern as present in the IDDb was observed in clinical samples of a gene therapy trial. 14 We also compared the orientation of LTR and SIN vector insertions with respect to their distance from the TSS. This analysis was based on the distance and orientation of all the genes within 150 kb of the 63 g-retroviral SIN vector insertions retrieved in this study and all the vector insertions of the IDDb (Figure 5c and Supplementary Figure 7) . In both the IDDb and the present SIN data set, vector sequences located closely upstream to the TSS preferably inserted in reverse orientation. With increased windows sizes, the forward and reverse oriented integrations occur in similar frequencies. In contrast, downstream of the TSS g-retroviral SIN vectors inserts more frequently in forward orientation than do LTR vectors. As both our SIN data set reported here and the previously described IDDb reflect dominant clones, these differences in the orientation of the vectors in relation to the TSS of the neighboring genes might reflect selection effects and thus different mechanisms in which the two vector types can enhance gene transcription.
We also analyzed the insertion sites of lentiviral vectors in primary and secondary recipients. In the 12 primary mice, we identified only 17 independent sites (Supplementary Table 1 and Supplementary Figure 8) . Six of these mice were transplanted with cells that were expanded prior to BMT, which is likely to reduce the number of engrafting clones. Because our analysis focuses on insertion sites of dominant clones we did not include minor LMPCR bands. In secondary mice, no additional insertion sites were found that were not already detected in the primary mice. This observation is similar to the pattern obtained with g-retroviral LTR and SIN vectors. When looking at all genes within a window of 100 kb, 3 of the 17 lentiviral insertions showed RTCGD CIS genes. Due to the small sample size, the distribution around the TSS and a statistical comparison with the g-retroviral SIN vector data set were not addressed.
Taken together, even though there wasFbecause of the low number of casesFno measurable difference in the leukemogenicity of LTR and SIN vectors, the characteristic insertional behavior of g-retroviral SIN vector containing the strong SFFV promoter/enhancer in dominant clones (downstream of TSS in forward orientation) suggests selection for a preferred mechanism of target gene activation.
Single hit leukemias are caused by insertional upregulation of Evi1 or Prdm16
We next asked whether the leukemias in mice developed due to the insertional activation of proto-oncogenes. All three leukemic clones that were induced by the g-retroviral SIN vector encoding IL2RG and two of the three clones induced by the control LTR vector encoding DsRED contained insertions in Evi1, as detected in samples obtained from the major site of leukemia manifestation, that is, spleen or lymph nodes (Supplementary information and Supplementary Table 1) . Four of the insertions were in the first intron of Evi1 and the fifth closely upstream of the ATG in exon 4 (Figure 6a ). g-Retroviral SIN and LTR vectors were found in similar positions. In all cases Evi1 transcripts were strongly upregulated (Figure 6b) . It was now of interest to further characterize the Evi1 transcripts, as they may be expressed as a fusion mRNA of the Mds and Evi1 genes, then encoding the PR domain. Evi1 proteins lacking the PR domain are considered to be oncogenic while the PR domain containing Mds/Evi1 is associated with slower cell growth 37 and the ratio of MDS/EVI to EVI1 message may predict the outcome of acute myeloid leukemia (AML) patients. 38 In all leukemic clones, the Mds/Evi1 fusion transcript was expressed at much lower levels than in normal BM cells, whereas the Evi1 transcript initiating from the second exon was strongly upregulated (Figure 6c ). We could not detect transcripts initiating from the first exon. g-Retroviral vector insertions thus induced Evi1 transcripts that lacked the PR domain. Because four of the five insertions were located upstream of the second exon and a promoter in the first intron is postulated, they can well be described as upstream insertions. As the distance between the g-retroviral insertion and the active TSS was up to 90 kbp, gene activation occurred over a long distance.
Ectopic expression of Evi1 by retroviral vectors in mice resulted in an myelodysplastic syndrome (MDS)-like disorder 39, 40 or in B-ALL-like leukemia. 41 In these studies, however, a potential confounding role of the vector insertion site was not addressed. Other studies speculate on necessary cooperation partners for leukemia induction by Evi1. 40, 42, 43 The Evi1 locus is a frequent target in leukemias observed after infection of newborn mice with ecotropic replication-competent retrovirus (RCR). 44 However, all leukemic clones induced by RCR contain further insertions. In the context of replicationdefective vectors, insertion in this locus was previously found in association with development of monocytic leukemia 6 or clonal dominance. 12, 13, 45 Here, we confirm our previous observation of leukemia induction by a single insertion site that activated Evi1 6 and furthermore show that leukemic clones do not overexpress Mds/Evi1. We conclude that insertional activation of Evi1 may be sufficient to trigger leukemia with long latency and does not require coactivation of Mds exons encoding the PR domain.
The myeloid leukemia that contained only a single copy of the LTR vector encoding DsRED had the insertion site located 1376 bp upstream of the Evi1 homologue Prdm16. Prmd16 transcripts were strongly upregulated (500-fold). Similarly Prdm16 expression was upregulated in a dominant clone of a healthy recipient containing a vector insertion in the second intron (M16, 50-fold). PRDM16/MEL1 was identified as a fusion partner of RPN1 in AML and MDS with t(1;3)(p36;q21) translocations. 46, 47 Similar to Evi1, Prdm16 generates two transcripts of different size, of which only the longer form contains the PR domain. Especially expression of the short form lacking the PR domain blocks granulocyte-colony stimulating factor (G-CSF)-induced differentiation and thus may be involved in leukemogenicity. 48, 49 There are different chromosomal rearrangements generating fusion transcripts, for example, t(1;21)(p36;q22) inducing a RUNX1/PRDM16 fusion. Expression of PRDM16 alone without fusion is also linked to myeloid leukemias. 50 Our study shows that insertional activation of Prdm16 may be sufficient to induce leukemia in mice. The role of the PR domain remains to be addressed. Because only one single retroviral insertion was detected in three of the leukemic clones, we searched for further genomic alterations, particularly a loss of synthetic regions of human chromosome 7, as frequently observed in human leukemias with EVI1 activation. 51 However, spectral karyotyping did not show major structural or numerical chromosomal alterations in the lymphoblastic or myeloid leukemic clones with upregulation of Evi1 or Prdm16, respectively (M32-2 and M3-1, Supplementary Figure 5) .
The hypothesis that upregulation of Evi1 or Prdm16 is sufficient to induce leukemia in mice may be predictive for humans: Recent findings suggest that MDS-related alterations were associated with expansion of clones that overexpressed EVI1 after retroviral vector insertions in the clinical trial to treat young adults with CGD (M Grez, personal communication, July 2007). Expression of EVI1 is closely connected to the development of MDS and AML of very poor prognosis in humans. Typically EVI1 overexpression is induced by inv(3)(q21q26) or by other chromosomal rearrangements, resulting in the generation of fusion genes (for example, ETV&/EVI1 or RUNX1/EVI1) but can also be overexpressed without further genomic rearrangements. However, 133 of 194 cases of human aAML with inv(3) documented in the Mitelman database (http:// cgap.nci.nih.gov/Chromosomes/Mitelman) carried secondary chromosome aberrations, most frequently monosomy 7. As we did not observe loss of synthetic regions by spectral karyotyping, the murine leukemias established here will have to be examined in great detail for potential epigenetic changes or cryptic genetic lesions.
At the molecular level, multiple mechanisms of target gene regulation and protein-protein interactions with other crucial hematopoietic transcription factors may explain the remarkable leukemogenic potency of upregulated Evi1, 52,53 and we would therefore hypothesize that Prdm16 also encodes a multifunctional protein. Another remarkable finding of the present study was the consistent evolution of leukemias with the same insertion site in different primary and secondary recipients. This suggests the induction of a relatively fixed malignant program by upregulation of a critical proto-oncogene (such as Evi1 or Prdm16) in long-lived cells with a high replicative potential.
Perspectives for gene therapy
In our study, we analyzed the potential of different integrating retroviral vectors to initiate leukemia in murine repopulating hematopoietic cells. An interim analysis of the study reported here was communicated in response to the study of Woods et al. 21 , who had proposed a leukemogenic potency of IL2RG overexpression in mice based on studies conducted with lentiviral vectors. 22 At the time our letter was communicated, our argumentation was based on the survival statistics with about 1-year follow-up. In the present study, an even longer observation time and detailed phenotypic and molecular analyses are reported. We observed vector related leukemias in 12 secondary recipients (n ¼ 46) but none in primary recipients (n ¼ 60). The leukemias were based on six independent clones, three of which developed in LTR vector-transduced cells and the remaining three in g-retroviral SIN vectortransduced cells. The relatively small group sizes and the unequal gene marking between the groups complicate statistical evaluation of the difference in genotoxicity depending on vector design. This study, however, shows for the first time leukemia induction following insertional mutagenesis by g-retroviral SIN vectors that harbor a strong internal enhancer/promoter, and thus confirm the predictive power of our previously published cell-based assay. 17, 18 By comparing the insertion pattern of SIN vectors recovered from dominant clones with previously established databases, we obtained evidence that a vector-specific selection occurs in vivo for insertion sites that are more likely to activate cellular growthpromoting genes. In our cell-based immortalization assay, we recently obtained evidence for a reduced genotoxic potential of g-retroviral and lentiviral vectors with more physiological cellular promoters (and Modlich U, unpublished data). The present study thus supports the emerging concept 17, 19, 54 that the type of the vector backbone and the nature of its cis-regulatory sequences are crucial variables to improve the therapeutic index of integrating vectors. The use of retroviral vectors containing strong, uninsulated enhancers should rather be restricted for the discovery of cancer-initiating genes in model systems (as shown here for Evi1 and Prdm16), or to clinical situations that offer no alternative.
